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Li1.02Nio.5Mn1.5O4  spinel  cathode  materials  were  successfully  synthesized  by  a  citric  acid-assisted  sol-gel 
method.  The  structure  and  morphology  of  the  materials  have  been  examined  by  X-ray  diffraction  and 
scanning  electron  microscopy,  respectively.  Electrochemical  properties  of  the  materials  were  inves¬ 
tigated  using  cyclic  voltammetry  and  galvanostatic  charge/discharge  measurements  at  two  different 
temperatures  (25  and  55  °C)  using  lithium  anode.  The  initial  capacity  and  capacity  retention  are  highly 
dependent  on  the  particle  size,  particle  size  distribution,  crystallinity  and  purity  of  the  materials.  The 
Li1.02Nio.5Mn1.5O4  materials  synthesized  both  at  800  and  850  °C  have  shown  best  electrochemical  perfor¬ 
mance  in  terms  of  capacity  and  capacity  retention  between  3.5  and  4.9  V  with  a  LiPF6  based  electrolyte. 

©  2009  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Rechargeable  lithium-ion  batteries  have  become  dominant 
power  sources  for  portable  electronic  devices  and  implantable 
medical  applications.  They  are  now  considered  to  be  the  tech¬ 
nology  of  choice  for  future  hybrid  electric  and  electric  vehicles 
to  address  global  warming  [1-3].  Layered  transition  metal  oxides 
such  as  LiCo02  and  LiNi02  and  spinel  oxide  LiM^CU  are  the  most 
important  materials  for  use  as  cathode  materials  in  lithium-ion  bat¬ 
teries  [4-6].  Among  these  materials,  LiMn204  is  currently  a  very 
promising  cathode  material,  especially  for  large  sized  batteries  for 
electric  vehicle  applications,  due  to  its  low  cost,  abundance  and 
non-toxicity  and  has  been  studied  extensively  [7-10].  However, 
LiMn204  exhibits  severe  capacity  fading  on  cycling  mainly  due  to 
dissolution  of  Mn  in  to  the  electrolyte  via  the  disproportionation 
reaction:  2Mn3+  Mn2+  +  Mn4+  and  Jahn-Teller  distortion  of  triva- 
lent  Mn  ions  [11-13].  Therefore,  various  attempts  have  been  made 
to  enhance  the  cycling  stability  of  the  spinel  LiMn204. 

One  effective  approach  to  improve  the  cycling  performance  is 
partial  substitution  of  manganese  by  other  dopant  ions  to  make 
LiMxMn2_x04  (M  =  A1,  Ni,  Co,  Fe,  Cr,  etc)  [14-19].  It  has  been 
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reported  that  all  these  substitutions  show  a  slightly  decreased 
capacity  in  the  4  V  plateau  but  enhances  the  cycling  performance 
significantly.  The  discharge  capacities  and  the  voltage  plateaus 
strongly  depend  on  the  nature  of  the  dopants  and  their  content. 
Among  all  possible  compositions,  LiNio.5Mn1.5O4  is  the  most  attrac¬ 
tive  material  because  of  its  high  discharge  capacity  (>130  mAh  g-1 ) 
and  flat  plateau  at  4.7  V  whereas  other  materials  have  showed  two 
plateaus  at  around  4  and  5  V  [16].  In  addition,  this  material  has  been 
demonstrated  to  show  good  cycling  stability  on  lithium  on  extrac¬ 
tion  and  insertion  and  good  rate  capability  [20-23].  LiNio.5Mn1.5O4 
spinel  material  is  fundamentally  different  from  pure  Mn  spinels  as 
all  the  redox  activities  occur  entirely  at  the  on  Ni2+  ion  while  the 
Mn4+  remains  as  structure  stabilizing  ion  during  charging  and  dis¬ 
charging  [24].  Ohzuku’s  group  have  published  a  series  of  research 
papers  on  LiNio.5Mn1.5O4  spinel  and  also  successfully  demonstrated 
a  3  V  lithium-ion  cell  with  LiNi0.5  Mni.5 04  spinel  and  the  zero-strain 
insertion  material  Li[Li1/3Ti5/3]04  and  the  cell  showed  a  quite  flat 
operating  voltage  of  3.2  V  with  excellent  cycleability  [25-28]. 

In  general,  LiNi0.5Mn1.5O4  was  synthesized  by  conventional 
solid-state  method  [29,30].  However,  this  method  requires  an 
extensive  mechanical  mixing  of  lithium  hydroxide  or  carbon¬ 
ates  or  nitrates  with  manganese  followed  by  high  temperature 
grinding.  Moreover,  LiNio.5Mn1.5O4  spinel  material  prepared  by 
solid-state  reaction  produces  larger  particles  of  irregular  shape 
and  poor  control  of  stoichiometry.  All  these  problems  could  be 
eliminated  or  minimized  by  employing  liquid  phase  synthesis  pro¬ 
cess  such  as  sol-gel  or  modified  sol-gel  process  under  controlled 
conditions.  Sol-gel  process  can  produce  highly  homogeneous 
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Table  1 

Lattice  parameters  for  the  Li1.02Ni0.5Mn1.5O4  synthesized  at  various  temperatures. 


smaller  particles  with  a  narrow  particle  size  distribution  and  good 
crystallinity  [14,31].  Hence,  the  material  synthesized  by  sol-gel 
method  is  expected  to  have  enhanced  electrochemical  perfor¬ 
mance. 

In  this  present  work,  the  spinel  Li1.02Ni0.5Mn1.5O4  has  been  syn¬ 
thesized  by  citric  acid-assisted  sol-gel  process,  which  can  solve  the 
disadvantages  of  the  conventional  synthesis  methods.  The  extra 
lithium  is  used  in  this  material  to  push  the  manganese  away 
from  trivalent  to  tetravalent,  thus  minimizing  the  impact  of  any 
Jahn-Teller  distortion  coming  from  Mn3+.  The  effect  of  sinter¬ 
ing  temperature  on  the  particle  morphology  and  electrochemical 
properties  of  Li1.02Ni0.5Mn1.5O4  spinel  is  discussed.  To  clarify  the 
structure  and  morphology  of  Li1.02Ni0.5Mn1.5O4  spinel  material 
prepared  by  citric  acid-assisted  sol-gel  process  under  different  con¬ 
ditions  and  their  relationships  with  electrochemical  performance, 
the  samples  are  characterized  by  X-ray  diffraction  (XRD),  scan¬ 
ning  electron  microscopy  (SEM)  and  cyclic  voltammetry  (CV).  The 
electrochemical  lithium  insertion  and  deinsertion  properties  of  the 
Li1.02Ni0.5Mn1.5O4  spinel  were  studied  at  various  C-rates  and  at  dif¬ 
ferent  temperatures. 

2.  Experimental 

A  stoichiometric  amount  of  lithium  acetate  [Li(CH3C00)-2H20], 
manganese  acetate  [Mn(CH3C00)2-4H20],  and  nickel  acetate 
[Ni(CH3C00)2-4H20],  were  dissolved  in  an  appropriate  quantity 
of  distilled  water  at  room  temperature.  The  solution  was  stirred 
at  50  °C  and  the  citric  acid  was  added  to  the  solution  which  acts 
as  chelating  agent  in  the  polymeric  matrix.  The  pH  of  the  solu¬ 
tion  was  adjusted  to  7.0  by  slowly  dropping  ammonium  hydroxide 
drop  wise  and  continued  stirring  for  4  h.  The  temperature  of  the 
solution  raised  to  80-90  °C  and  continued  stirring  till  the  solution 
turned  into  high-viscous  gel.  The  resulted  gel  was  dried  at  80  °C 
for  24  h  in  a  temperature  controlled  oven  of  an  accuracy  of  ±1  °C. 
The  Li1.02Ni0.5Mn1.5O4  precursor  powder  was  ground  to  fine  pow¬ 
der  and  calcined  at  450  °C  under  oxygen  flowing  conditions  with  a 
constant  heating  followed  by  cooling  rate  at  4  °C  min-1  to  decom¬ 
pose  organic  constituents.  The  calcined  powder  was  ground  to  a  fine 
powder  and  re-sintered  successively  at  700,  750,  800  and  850  °C 
for  16  h  under  oxygen  flowing  conditions  and  heating  and  cooling 
rate  was  maintained  at  2  °Cmin-1  and  the  accuracy  of  the  furnace 
temperature  is  ±5  °C. 

Phase  purity  of  the  Li1.02Ni0.5Mn1.5O4  was  characterized  by  pow¬ 
der  X-ray  diffraction  (Rikagu  model  rotaflux)  using  the  Cu  Ka 
radiation  with  a  scan  rate  of  1°  min-1.  The  morphology  and  parti¬ 
cle  shape  and  their  distribution  of  the  Li1.02Ni0.5Mn1.5O4  powders, 
obtained  at  different  temperatures,  were  examined  by  employing 
scanning  electron  microscopy  (JEOL,  JSM-6500F).  Cyclic  voltamme¬ 
try  measurements  have  been  carried  out  using  a  two-electrode  cell 
by  employing  a  potentiostat  (EG  &  G,  model  273A)  at  ambient  tem¬ 
perature.  The  CV  measurements  were  performed  in  the  potential 
range  of  3.5-4.9V  at  a  scan  rate  of  0.02  mV  sec-1.  Chemical  com¬ 
positions  of  the  resulting  powders  were  analyzed  by  an  inductively 
coupled  plasma-atomic  emission  spectrometer  (ICP-AES). 

The  cathode  slurry  was  prepared  by  mixing  active  material  with 
carbon  black,  KS6  graphite  and  polyvinylidene  fluoride  (PVdF)  used 
as  a  conducting  agents  and  binder,  respectively,  in  the  weight  ratio 


of  85:3.5:1.5:10.  The  solvent  N-methyl  pyrrolidinone  (NMP)  was 
used  as  a  dispersing  medium  and  stirred  to  obtain  composite  slurry. 
The  resulted  slurry  was  pasted  on  the  aluminum  foil  with  the  help 
of  doctor  blade.  The  coated  aluminum  foil  was  dried  at  120  °C  for 
2  h  to  evaporate  the  NMP  solvent.  The  cathode  film  was  thermally 
pressed  and  punched  into  circular  discs.  The  cathode  electrode  films 
were  preserved  in  an  argon  filled  glove  box  to  avoid  oxidation  effect 
by  moisture  or  air.  The  coin  cell  was  made  using  Li1.02Ni0.5Mn1.5O4 
as  a  cathode,  lithium  (FMC)  metal  foil  as  an  anode  and  1.0  M  LiPF6 
as  in  ethylene  carbonate  (EC):diethyl  carbonate  (DEC)  (1:1)  solvent 
used  as  an  electrolyte.  The  polypropylene  membrane  was  soaked  in 
an  electrolyte  for  24  h  prior  to  use.  The  entire  coin  cell  assembly  was 
carried  out  in  an  argon-filled  glove  box  (Unilab,  Mbruan)  in  which 
both  the  moisture  and  oxygen  contents  were  maintained  at  less 
than  1  ppm.  The  charge  and  discharge  measurements  were  carried 
out  at  different  C-rates  over  the  potential  range  of  3.5-4.9  V  using 
Maccor  battery  tester. 

3.  Results  and  discussion 


As  mentioned  in  the  introduction,  the  structure,  morphology, 
and  crystallinity  have  a  direct  influence  on  the  electrochemical 
performance  of  the  materials  used  in  lithium-ion  batteries.  The 
synthesis  method  and  the  sintering  conditions  are  the  major  fac¬ 
tors  to  control  the  structure  and  morphology.  Fig.  1  shows  the 
XRD  patterns  obtained  from  the  Li1.02Ni0.5Mn1.5O4  materials  sin¬ 
tered  at  different  temperatures  ranging  from  700  to  850  °C.  The 
cell  parameters  extracted  from  the  corresponding  XRD  patterns  are 
shown  in  Table  1 .  All  the  diffraction  peaks  can  be  indexed  based  on 
the  cubic  spinel  structure  with  a  space  group  of  Fd3m,  since  no 
superlattice  structure  was  observed  (it  can  be  confirmed  from  the 
plateau  in  capacity-voltage  curve  as  well,  see  Fig.  4(b))  [26].  In  this 
spinel-framework  structure,  the  oxygen  ions  at  the  32e  sites  form 
cubic-close  packing  and  in  which  all  the  transition  metals  (Mn  or 
Ni)  and  Li  ions  are  occupied  in  the  octahedral  (16d)  and  tetrahe¬ 
dral  (8a)  sites,  respectively.  Traces  of  LixNii_xO  impurity  peaks  are 
observed  in  the  XRD  pattern  of  700°C-derived  Li1.02Ni0.5Mn1.5O4 
(Fig.  1 )  closely  to  the  spinel  characteristic  peaks  of  the  (3  1  1 ),  (4  0  0), 
(3  31)  and  (440)  reflections  [32,33].  However,  the  impurity  is  no 
longer  to  be  observed  at  elevating  temperatures.  Nevertheless,  the 
preparation  of  pure  phase  of  controlled  stoichiometry  of  nickel  and 
oxygen  content  in  the  Li1.02Ni0.5Mn1.5O4  powders  is  difficult  [34] 
due  to  similarity  in  the  ionic  radii  of  Li  and  Ni  ions.  From  our  XRD 
pattern,  the  absence  of  (2  2  0)  reflection  indicates  that  no  transi¬ 
tion  metal  ions  exist  in  the  tetrahedral  (8a)  sites  [35].  The  average 
grain  size  of  the  Li1.02Ni0.5Mn1.5O4  powders  was  estimated  using 
the  Scherer’s  formula  [36].  The  average  grain  size  was  found  to  be 
45-60  nm  and  the  grain  size  increases  with  increase  of  temperature. 
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Fig.  1.  X-ray  diffraction  patterns  of  Lii.o2Nio.5Mn1.504  powders  sintered  at  different 
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Fig.  2.  SEM  images  of  Li1.02Ni0.5Mn1.5O4  powders  sintered  at  different  temperatures:  (a)  700  °C,  (b)  750  °C,  (c)  800  °C  and  (d)  850  °C. 


Fig.  2a-d  shows  SEM  images  of  the  Li1.02Ni0.5Mn1.5O4  spinel 
powders  sintered  at  700,  750,  800  and  850  °C,  respectively.  It  can 
be  seen  that  the  sintering  temperature  played  an  important  role 
on  the  crystallinity  of  the  material.  The  particle  size  increases  with 
increasing  sintering  temperature.  The  average  particle  size  of  the 
samples  sintered  at  700  and  750  °C  were  found  to  be  0.1  -0.3  [im  and 
0.2-0.3  [Jim,  respectively.  The  samples  sintered  at  800  and  850  °C 
exhibits  a  more  uniform  particle  size  distribution  and  better  crys¬ 
tallinity  than  the  samples  sintered  at  700  and  750  °C.  The  average 
particle  sizes  were  found  to  be  0.2-0.5  [Jim  and  0.3-0.6  p,m,  respec¬ 
tively,  for  the  samples  sintered  at  800  and  850  °C.  In  addition  to 
phase  purity,  all  the  above-mentioned  factors  (particle  size  and 
particles  size  distribution)  have  a  direct  influence  on  the  electro¬ 
chemical  performance  of  the  materials. 

Fig.  3  shows  a  typical  cyclic  voltammogram  (CV)  of  the 
Li1.02Ni0.5Mn1.5O4  material  in  the  voltage  range  from  3.5  to  4.9  V 
with  a  scan  rate  of  0.02  mV  s_1.  As  shown  in  Fig.  3,  three  reversible 
peaks  can  be  observed  in  the  CV  curves  at  4.02,  4.78,  4.82  V  on 
charge  and  at  4.02,  4.60  and  4.65  V  on  discharge.  The  integrated 
area  of  low  voltage  4  V  peaks  is  much  smaller  than  the  high-voltage 
peaks  around  4.8  V.  In  the  case  of  LiMn204  spinel,  the  lithium-ion 
insertion  and  deinsertion  occur  at  4  V  region  with  the  redox  pair  of 
Mn3+/Mn4+.  Flowever,  for  Li1.02Ni0.5Mn1.5O4  spinel,  all  the  Mn  ions 
exist  in  +4  oxidation  state  and  Ni  ions  exist  in  +2  oxidation  state 
and  occupy  16d  sites  instead  of  Mn3+  ions.  The  electrode  poten¬ 
tial  of  the  LiMn204  could  be  shifted  from  4.0  to  4.7  V  by  partial 
substitution  of  Mn  ions  with  other  transition  metal  ions.  Dahn  and 
co-workers  have  demonstrated  the  appearance  of  4.7  V  electrode 


potential  regions  by  using  ultra  violet  photoelectron  spectroscopy 
[37].  The  resulting  Mn3+  leads  to  the  formation  of  small  peaks  at 
around  4  V  region  and  corresponds  to  the  redox  coupe  Mn3+/Mn4+ 
while  the  large  peaks  at  around  4.8  V  corresponds  to  the  redox  cou¬ 
ple  of  Ni2+/Ni3+  and  Ni3+/Ni4+.  Since  all  Ni  exist  in  +2  oxidation  state 
and  all  Mn  exist  in  +4  oxidation  state,  the  4.0  V  peaks  are  absent 


Voltage  (V) 


Fig.  3.  Cyclic  voltammogram  of  the  Li1.02Ni0.5Mn1.5O4  spinel  electrode  sintered  at 
800  °C. 
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Fig.  4.  Charge-discharge  curves  of  Li1.02Ni0.5Mn1.5O4  electrode  materials  prepared 
at  different  temperatures  under  0.1  C;  (a)  comparison  of  1st  and  25th  cycles  and  (b) 
with  a  focus  on  the  charge  plateaus  of  the  first  cycle. 


in  the  case  of  stoichiometric  LiNio.5Mn1.5O4  spinel.  The  two  peaks 
observed  at  higher  voltage  region  for  both  charge  and  discharge 
are  due  to  distinct  redox  voltages  for  Ni2+/Ni3+  and  Ni3+/Ni4+  redox 
couples  [38,39]. 

Charge  and  discharge  measurements  of  the  Li1.02Ni0.5Mn1.5O4 
spinel  cathodes  were  carried  out  in  the  potential  range  of  3. 5-4.9  V 
at  various  C-rates  and  at  different  temperatures.  The  charging 
potential  of  4.9  V  (<5.0V)  has  been  selected  in  this  work  in  order 
to  avoid  possible  contribution  of  electrolyte  reaction  products  to 
the  electrochemical  performance  of  the  material.  Fig.  4(a)  shows 
the  1st  and  25th  charge/discharge  profiles  of  the  Li1.02Ni0.5Mn1.5O4 
spinel  materials  sintered  at  700,  750,  800  and  850  °C,  for  16  h 
in  the  potential  range  of  3. 5-4.9  V  at  0.1  C.  When  increasing  the 
charge  and  discharge  cycles,  the  discharge  capacity  of  the  materi¬ 
als  sintered  at  700,  750,  800  and  850  °C,  for  16  h  decreases  from 
114.7,  127.1,  131.0,  132.6  mAh  g-1  at  the  first  cycle  to  105.0,  124.7, 
126.1,  127.6  mAh  g-1  at  the  25th  cycle.  The  corresponding  capac¬ 
ity  retentions  are  of  93.1%,  95.8%,  96.5%,  97.2%  at  the  25th  cycle 
and  the  results  showed  that  the  capacity  retention  increases  with 
increasing  temperature.  The  1  st  cycle  charge  plateau  regions  for  the 
Li1.02Ni0.5Mn1.5O4  synthesized  at  various  temperatures  are  focused 
for  better  understanding  their  behaviors.  From  Fig.  4(b),  it  is  found 
that  only  700  °C-heated  LiNio.5Mn1.5O4  shows  one  plateau,  and  rest 
of  the  samples  (750,  800  and  850°C-heated)  show  two  plateaus.  It 


Fig.  5.  Relationship  between  potential  to  degree  of  Li  content  in,  respectively,  800 
and  850°C-heated  Li1.02Ni0.5Mn1.5O4  electrode  materials  during  charge-discharge 
process. 


indicates  the  crystalline  structure  for  700  °C-heated  LiNio.5Mn1.5O4 
is  primitive  cubic  P4332  (cation  ordering)  and  750, 800  and  850  °C- 
heated  ones  are  face-centered  cubic  Fd3m  (cation  disordering). 
The  behavior  is  identical  to  the  literature  reports  [40,41].  The 
charge/discharge  profile  as  a  function  of  x  for  the  LixNio.5Mn1.5O4 
spinel  materials  sintered  at  800  and  850  °C  are  presented  in  Fig.  5. 
Three  voltage  plateaus  were  developed  in  charge/discharge  at  4.0 
and  4.7  V  regions.  The  charge-discharge  curves  agree  well  with  the 
results  obtained  from  CV,  where  the  peaks  in  CV  correspond  to 
the  voltage  plateau  in  charge-discharge  curves.  As  shown  in  Fig.  5, 
the  discharge  capacities  of  131.0  and  132.6  mAh  g-1  were  obtained 
for  the  material  sintered  at  800  and  850  °C,  respectively,  which  is 
almost  90%  of  its  theoretical  capacity  (147.6  mAhg-1 ). 

To  evaluate  the  rate  capability,  the  charge  and  discharge  mea¬ 
surements  were  carried  out  for  Li1.02Ni0.5Mn1.5O4  material  at  0.5  C 
in  the  potential  range  of  3.5-4.9V  and  the  results  are  presented 
in  Fig.  6.  As  seen  in  this  figure,  the  discharge  capacities  obtained 
for  the  materials  sintered  at  700,  750,  800  and  850  °C  are  110.8, 
127.2,  132.3  and  132.5  mAh  g-1  at  the  first  cycle  and  103.6,  121.6, 
123.8  and  125.9  mAh  g-1  at  the  25th  cycle,  respectively.  The  corre¬ 
sponding  capacity  retentions  are  of  97.4%,  98.2%,  98.5%  and  98.7% 


Capacity  (mAh/g) 


Fig.  6.  Comparison  of  1st  and  25th  charge-discharge  curves  of  Li1.02Ni0.5Mn1.5O4 
electrode  materials  prepared  at  different  temperatures  under  0.5  C. 
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Fig.  7.  Comparison  of  cycling  performance  of  Li1.02Ni0.5Mn1.5O4  electrode  materials 
prepared  at  different  temperatures  under  different  C-rates  at  25  °C. 


at  the  25th  cycle  and  the  results  showed  that  the  capacity  reten¬ 
tion  increases  with  increasing  temperature.  It  can  be  seen  that  the 
materials  sintered  both  at  800  and  850  °C  shows  a  similar  perfor¬ 
mance  and  exhibits  a  higher  initial  capacity  and  better  capacity 
retention.  The  discharge  capacities  as  a  function  of  cycle  number 
up  to  25  cycles  at  different  C-rates  for  the  materials  synthesized  at 
different  temperatures  are  shown  in  Fig.  7.  As  discussed  above,  at 
lower  C-rates  the  materials  sintered  at  800  and  850  °C  show  better 
discharge  capacity  and  capacity  retention  compared  to  the  mate¬ 
rials  sintered  at  700  and  750  °C.  This  result  was  attributed  to  good 
crystallinity  as  evidenced  from  XRD  and  SEM  analysis.  However,  at 
higher  C-rate  (3.0  C),  a  drastic  capacity  fading  was  observed  for  the 
Li1.02Ni0.5Mn1.5O4  material  sintered  at  850 °C.  The  reason  for  fast 
capacity  fading  of  the  850°C-heated  materials  under  high  current 
density  can  be  concluded  to  be  higher  internal  resistance  of  the  cell. 
It  can  be  easily  understand  by  considering  capacity-voltage  pro¬ 
file  of  850°C-heated  Li1.02Ni0.5Mn1.5O4  at  0.1  and  0.5  C.  The  charge 
plateau  is  around  4.7  V  at  0.1  C  and  is  dramatically  increased  to 
around  4.9  V  at  0.5  C.  However,  the  behavior  is  not  observed  for  low 
temperature-derived  Li1.o2Nio.5Mn1.504.  The  possible  reasons  can 
be  related  to  serious  oxygen  deficiency  and  the  growth  of  the  parti¬ 
cle  size  for  the  Lii.02  Nio.5  Mn15  04  synthesized  at  higher  temperature 
(850  °C).  Therefore,  once  the  C-rate  higher  than  0.5  C,  the  plateau 
must  rise  higher  than  4.9  V.  Owing  to  the  potential  window  limited 
up  to  4.9  V,  full  charging  state  at  higher  C-rate  (higher  than  0.5  C) 
is  not  possible  for  8500C-Lii.02Nio.5Mn1.504,  so  that  lower  capac¬ 
ity  is  obtained.  The  impurity  for  850°C-heated  Li1.02Ni0.5Mn1.5O4 
is  not  observed,  which  can  only  be  seen  for  700  and  750  °C-heated 
samples.  Therefore  it  should  not  the  reason  for  the  poor  capacity  at 
3  C. 

In  order  to  find  high  temperature  performance  of  the 
Lii.02  Nio.5  Mn1504  material,  the  charge  and  discharge  cycling  were 
carried  out  at  55  °C  at  two  different  C-rates,  namely,  0.5  and  1.0  C, 
and  the  results  are  shown  in  Fig.  8.  The  initial  discharge  capacities  of 
130.9  and  134.0  mAh  g-1  were  obtained  at  0.5  C,  respectively,  for  the 
materials  sintered  at  800  and  850  °C.  However,  at  1.0  C,  the  capacity 
retention  of  the  materials  sintered  at  750  and  800  °C  showed  better 
performance  than  other  materials.  In  contrast  to  the  performance 
at  25  °C,  the  material  sintered  at  850  °C  showed  a  drastic  capacity 
fading  at  55  °C.  This  poor  cycle  performance  possibly  due  to  struc¬ 
tural  damage  caused  by  the  undesirable  reaction  products  formed 
from  the  electrolyte  at  high  temperature. 


Fig.  8.  Comparison  of  cycling  performance  of  Li1.02Ni0.5Mn1.5O4  electrode  materials 
prepared  at  different  temperatures  under  different  C-rates  at  55  °C. 


4.  Conclusions 

Spinel  Lii.o2Nio.5Mn1.504  materials  were  successfully  prepared 
using  a  citric  acid  assisted  sol-gel  method  at  various  sintering  tem¬ 
peratures  such  as  700,  750,  800  and  850  °C.  The  electrochemical 
performance  is  highly  dependent  on  the  crystallinity,  particle  size 
and  particle  sized  distribution  of  the  materials.  Although,  a  high 
degree  of  crystallinity  can  be  achieved  at  high  sintering  tempera¬ 
ture,  it  increases  the  particle  size.  Therefore,  it  is  of  great  importance 
to  find  out  an  optimal  sintering  temperature  to  counterbalance 
formation  of  impurity  phases,  increasing  crystallinity  and  growth 
of  particles  size.  Among  the  materials  prepared,  Li1.02Ni0.5Mn1.5O4 
prepared  at  both  800  and  850  °C  delivered  the  highest  specific  dis¬ 
charge  capacity  and  the  best  capacity  retention  at  0.1  and  0.5  C  at 
25  °C.  However,  the  high  temperature  (55  °C)  performance  of  the 
Li1.02Ni0.5Mn1.5O4  material  prepared  at  850 °C  leads  to  a  decrease 
in  both  capacity  and  capacity  retention  whereas  the  material  pre¬ 
pared  at  800  °C  showed  an  excellent  rate  capability  and  cycling 
performance  at  55  °C.  The  reason  may  be  originated  from  the 
larger  crystalline  size  as  well  as  the  serious  oxygen  deficiency  of 
Lii.02  Nio.5  Mni.504  high  temperature  treatment.  However,  with 
proper  control  of  the  synthesis  process,  it  can  be  suggested  that 
the  Lii.02  Nio.5  Mni.504  material  could  be  a  promising  high-voltage 
cathode  material  for  an  advanced  high  energy  density  lithium-ion 
batteries. 
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